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Background: Mycobacterium tuberculosis is known to slow down its transcriptional activity
during dormancy. Hence, while using reporter strains, it is important to couple the reporter
gene to a promoter that is strong and sensitive both in active and dormant M. tuberculosis.
Since respiration is an indispensable process even in dormant bacteria, validation of the
promoters of respiratory chain genes – type II NADH dehydrogenase (Pndh) and adenosine
triphosphate (ATP) synthase operon (Patps) – of MTB was undertaken for this purpose.
Methods: Putative promoter containing sequences were cloned upstream of a red fluorescent
protein (RFP) gene. Mycobacterium smegmatis or M. tuberculosis carrying episomal constructs
were validated for growth, fitness and fluorescence in different models in vitro and in vivo.
Results: Either promoter can drive stable and strong expression of RFP in actively growing
and dormant M. smegmatis in vitro without significantly affecting growth or viability.
Fluorescence due to Pndh and Patps was significantly higher than Phsp60. The fitness of
M. tuberculosis H37Rv counterparts was unaffected inside J774 macrophages. In immuno-
competent mice, despite an initial attenuation in the lungs, both strains reached loads
similar to wild type during chronic infection. In the spleen, the fluorescent strain counts
were similar to wild type counts throughout. RFP fluorescence in tissue homogenates
was more homogenous among mice due to Pndh compared with Patps.
Conclusions: Coupling an appropriate reporter to the promoter of ndh-2 gene of
M. tuberculosis can make the reporter expression respiration sensitive and thereby reliably
detect both active and dormant populations of the reporter strain.
 2014 Asian-African Society for Mycobacteriology. Published by Elsevier Ltd. All rights
reserved.million TB cases in the year 2011, two thirds of which were
Introduction
Tuberculosis (TB) caused by Mycobacterium tuberculosis (MTB)
continues to be a global emergency. According to the WorldHealth Organisation (WHO) Report 2012, there were 8.7
new cases. Twenty percent of previously treated cases and
3.7% of new cases are thought to have multidrug-resistanted.
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resistant (XDR) [1]. In this backdrop, research on (MTB) con-
tinues to develop novel, cost-effective drugs and to shorten
the duration of treatment. Screening of molecules for anti-
tubercular activity starts with in vitro assays measuring the
viability of the laboratory strain MTB H37Rv in the presence
of the inhibitor. Lead molecules selected for pre-clinical test-
ing are tested in a mouse model of TB, where the ability of the
compound to reduce the bacillary loads in lungs and spleen is
the desired parameter. In laboratory media, mycobacteria in
general are slow growers, with generation times ranging from
3 to 24 h [2]. Colonies of laboratory strains of MTB appear be-
tween 12–14 days if sub-cultured from laboratory media and
can take up to 3–4 weeks if the bacteria are being isolated
from an infected host. The conventional colony forming unit
(CFU) assay used for estimating MTB loads in mouse organs
are therefore time consuming.
Faster and more sensitive detection of mycobacteria in
cultures started in the 1990s with the help of recombinant
strains of MTB expressing fluorescent and bioluminescent re-
porter proteins. Firefly luciferase was used for detection of
MTB growth for the first time in the early 1990s by either
expression from mycobacteriophage or from episomal plas-
mid [3,4]. Bioluminescent reporter MTB has been developed
recently for optimal in vivo non-invasive imaging in mice [5].
Use of fluorescent proteins (FPs) as reporters in mycobacteri-
ology started with the construction of green fluorescent protein
(GFP) expressing Mycobacterium smegmatis and Mycobacterium
bovis BCG shortly after the development of bioluminescent
strains [6]. Unlike the bioluminescent strains, fluorescent
reporter strains do not require the addition of any exogenous
substrate for detection. GFP reporter has been extensively used
in mycobacterial research for transcriptional analyses and
protein localization in vitro and ex vivo [7–10]. In the recent years,
red-shifted variants of FPs (RFPs) have emerged as the FP report-
ers-of-choice for ex vivo and in vivo live imaging. Red-shifted
excitation and fluorescence cause reduced autofluorescence
and lower light-scattering, which make RFPs superior probes
for in vivo imaging, particularly in deep tissues [11]. In the recent
years RFPs and far-RFPs have been used successfully expressed
in different mycobacteria [12,13]. MTB expressing RFP or far-
RFP could also be visualized in live mouse models and their
excised organs using in vivo imaging systems [12,14].
Supported by in vitro and in vivo findings, it is thought that
a certain population of MTB enter into a dormant phase in-
side host granulomas [15,16]. Hypoxia or nutrient starvation
in vitro induce dormancy [17–19] and hence is thought to play
the same role inside hypoxic granulomas. It is also believed
that the bacilli can persist, probably in dormant forms, at
other sites away from lungs [20]. The dormant bacilli are
non-replicating and hence are phenotypically tolerant to
drugs that target actively dividing bacilli [21]. The dormant
bacilli shut down most of the metabolic activity and remain
viable in a quiescent state. This means that the bacilli exhibit
minimal transcriptional activity and expresses only those
genes required for survival in a certain microenvironment.
Hence, while using reporter strains of MTB, the choice of
promoter used for expression of the reporter will decide the
traceability of the bacilli in a microenvironment or an ana-
tomical location. Since respiration is an indispensableprocess in both actively dividing and dormant bacilli, two pro-
moters that drive the expression of two essential genes in the
respiratory chain of MTB were tested. One is a promoter of
Rv1854c that codes for type II NADH dehydrogenase/ndh,
while the other is that of the adenosine triphosphate (ATP)
synthase operon. There are two types of ndh in the MTB gen-
ome–a proton pumping, 14-subunit ndh-1 complex and an
alternative, non-proton pumping, single-subunit ndh-2 [22].
Even though MTB possesses two copies of ndh-2 (ndh and
ndhA), ndh is essential since insertional mutation of ndh
was lethal while knock out of ndhA was tolerated [23]. Inacti-
vating mutations in ndh of M. smegmatis too led to a thermo-
sensitive lethal and auxotrophic phenotype [24]. Ndh not only
acts as the electron donor in the anaerobic electron transport
chain in MTB, but also is crucial for replenishing the pool of
NAD+ during hypoxic non-replicating state [25]. However,
even during aerobic growth, it has been proposed that type
II NADH dehydrogenase is the sole NADH dehydrogenase en-
zyme in the MTB respiratory chain [22].
ATP synthesis de novo is vital for the viability of non-
replicating MTB under hypoxic conditions [25]. This finding
explains why the new anti-TB drug bedaquiline that targets
the mycobacterial ATP synthase [26] is bactericidal to both
replicating and non-replicating populations of MTB. However,
it is also known that ATP synthase is down regulated during
in vitro dormancy and inside phagosomes [19,27]. Hence the
promoter element for ATP synthase operon was chosen to
not only trace the bacilli but also to sensitively capture
changes in its metabolic activity. In this study, it is demon-
strated that both these promoters when coupled to a RFP help
detect active as well as dormant mycobacteria in various
model systems. The ndh promoter was more efficient than
the ATP synthase promoter in detecting the corresponding
reporter strains in the chronic phase of murine infection.Materials and methods
Mycobacteria
Both wild type (WT) and RFP expressing MTB H37Rv were sub-
cultured in Middlebrook 7H9 broth (Becton Dickinson, Sparks,
MD) containing 10% oleic acid–albumin–dextrose-catalase
(OADC) and 0.05% Tween 80, except that kanamycin (30 lg/ml)
was added to the broth for the latter. WT and RFP strains of
M. smegmatis mc2155 were sub-cultured in Luria–Bertani broth
containing 0.2% glycerol and 0.05% Tween80 (LB-GT broth), except
that kanamycin (30 lg/ml) was added to the broth for the latter.
Plasmids
Promoter less vectors pMV206 and pMV306 were kind gifts
from Prof. WR Jacobs, Jr., Albert Einstein College of Medicine,
New York, USA.
Construction of fluorescent strains
Turbo RFP 602 gene (Evrogen) was obtained codon optimized
(for optimal expression in MTB) and synthesised from Inte-
grated DNA Technologies, Coralville, IA, USA. The gene was
cloned into EcoRI and HindIII restriction sites of pMV206 and
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ing putative promoter containing regions, 400 bp sequences
upstream of respective translation start codons of Rv1303 (a
hypothetical gene closely upstream of ATP synthase operon),
Rv1304 (atpB), Rv1854c (ndh) and groEL (hsp60) were amplified
using primers containing Kpn I and EcoRI restriction sites in
forward or reverse primers depending upon the orientation
of sequence in the genome. Primer sequences are shown in
Table 1. Amplified products were cloned into the Kpn I and
EcoRI sites of p206-RFP and p306-RFP to generate p206-
P1303RFP, p306-P1303RFP, p206-PatpBRFP, p306-PatpBRFP, p206-
PndhRFP, p306-PndhRFP, p206-PhspRFP, and p-306-PhspRFP.
Escherichia coli strain DH5a was transformed with the various
constructs to extract the plasmids in sufficient amounts for
electroporation into mycobacteria. All constructs were con-
firmed by DNA sequencing prior to electroporation into MTB
H37Rv and M. smegmatis mc2155. Electroporation was per-
formed according to published procedures [28] and recombi-
nants were screened on Middlebrook 7H10 agar + OADC
(10%) + glycerol (0.2%) + kanamycin (30 lg/ml) plates. The
recombinants were confirmed by colony polymerase chain
reaction (PCR) using forward primer for the respective puta-
tive promoter sequence and the reverse primer for RFP gene.
Growth kinetics in M. smegmatis mc2155
Single colonies of fluorescent and WT strains were inoculated
into 5 ml LB-GT broth with or without kanamycin and allowed
to grow for 18 h. These OD600 of these cultures were recorded.
For the growth kinetics assay, each culture was diluted in
fresh broth to OD600 0.04. The diluted culture was aliquoted
as 0.5 ml volumes (duplicate vials used for each time point)
into 24 well plates and statically incubated at 37 C. At time
points 0, 4, 8, 24, 48 and 72 h, OD600 and fluorescence were re-
corded and serial dilutions were plated on LB-GT agar with or
without kanamycin to determine the CFU counts. Relative
fluorescence units (RFU) and OD600 were measured in a mul-
ti-well plate reader (POLARstar Galaxy Microplate Reader;
BMG Labtech, GmbH, Germany).
In vitro induction of dormancy in M. smegmatis
Hypoxic cultures: Procedure described for generating self-
generated hypoxia by MTB in sealed vials [21] was modifiedTable 1 – List of primers used in the study.
Amplicon Primer ID
400 bp upstream of Rv1303 1303_F(KpnI)
1303_R(EcoRI)
400 bp upstream of Rv1304 (atpB) atpB_F(KpnI)
atpB_R(EcoRI)
400 bp down stream of Rv 1854c (ndh) Ndh_F(EcoRI)
Ndh_R(KpnI)
375 bp upstream plus first six codons
of groEL2 (hsp60)
Hsp_F(KpnI)
Hsp_R(EcoRI)
TurboRFP-602 (codon optimized
for mycobacteria)
RFP_F (EcoRI)
RFP_R (HindIII)
The annealing temperature for TurboRFP-602 was 54 C, while that for alfor M. smegmatis. Mid-log phase cultures of fluorescent and
WT strains were diluted 100-fold in LB-GT and LB-GT+kana-
mycin, respectively in sealed vials at head space ratio 0.5
and incubated statically at 37 C. Methylene blue (MB) at
1.5 lg/ml final concentration was added to control vials to
indicate attainment of hypoxia. Samples were collected for
measuring RFU and CFU counts at mild hypoxia (MB fading
in control vial), hypoxia (MB decolorized), 2 and 4 days under
hypoxia.
Nutrient-starved cultures: Nutrient-starved M. smegmatis
were prepared using protocol for MTB [19] with modifications
needed. Briefly, the fluorescent and WT strains were grown in
LB-GT +/-kanamycin broth to reach mid-log phase. Cells were
harvested, washed in phosphate buffered saline (PBS) twice
and re-suspended in PBS in equal volume as original culture.
The tubes were incubated statically at 37 C. Samples were
collected for measuring RFU and CFU counts at time 0, 3
and 7 days under nutrient starvation.Infection of J774 macrophages
Cryopreserved stock of J774 cell line was revived and sub-
cultured in RPMI 1640 medium with 10% fetal bovine serum
(FBS) and 1· antibiotic–antimycotic solution (A5955, Sigma).
Cells were harvested, counted and re-suspended in fresh
medium without antibiotics in 12-well plate at a seeding
density of 5 · 105 cells/well. Cells were allowed to adhere
overnight at 37 C and 5% CO2. Infection media containing
wild type/fluorescent strains of MTB H37Rv were prepared
from a late-log phase culture of the strains. Clumps were
removed by vortexing with 3 mm glass beads and gravity sed-
imentation for 20 min. The turbidity of clump-free bacterial
suspension was adjusted to that of McFarland No. 1 standard.
The suspension was further diluted in cell culture medium to
5 · 106/ml, and added to J774 cells as 1 ml/well for multiplic-
ity of infection (MOI) 10. Plates were incubated at 37 C and 5%
CO2 for 4 h. After 4 h, the extracellular bacteria were removed
by several gentle washes with pre-warmed phosphate-buf-
fered saline. The cells were lysed at desired time points using
0.1% Triton X-100 and serial dilutions of lysates were plated
on Middlebrook 7H10 agar + 10% OADC plates to obtain intra-
cellular bacterial counts. RFUs in fluorescent strain-infected
lysates were also measured.Primer sequence
50-GGG GTA CCG CGA GCT CGA TCT TCT TTA-3 0
50-GGA ATT CTG TGG CAC CTC AAT TCC G-3 0
50-GGG GTA CCG TTG GAC TGG CCG CAG TG-30
50- GGA ATT CCC CTG GCG CTC CTT CCT TC-30
50- GGA ATT CGT TCA GCT GCT CCT GAC G-3 0
50-GGG GTA CCG TCG ACG CTT CAG ACC AG-3 0
‘5-GGG GTA CCT GAC CAC AAC GAC GC-30
50-GGA ATT CCG CAA T TG TCT TGG CCA TTG-30
50- GGA ATT CAT GGT AGG GGA GGA CTC GGA ACT C-3 0
50- CCC AAG CTT CTA CGA GTG GCC CAG CT-3 0
l the remaining amplicons was 56 C.
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The fluorescent strain of M. smegmatis containing the p206-
PhspRFP construct was grown for 24 h (approximately 5 gener-
ations, considering an average doubling time of 5 h) in LB-GT
broth without kanamycin. After 24 h, a subculture was made
into fresh medium without kanamycin and allowed to grow
for 48 h (approximately 10 generations). Samples were taken
at 48 h and serial dilutions were plated onto LB-GT agar plates
with or without kanamycin. Similarly, the strain was grown in
LB-GT without kanamycin in sealed vials as described above
for hypoxic cultures. After 6 days under hypoxic conditions,
CFU counts were estimated on samples were from both cul-
tures for LB-GT agar plates with or without kanamycin.
Mouse infection
Procedures conducted in mice had prior approval of the insti-
tutional ethical committee (reference No. 9/10/DTDD/IAEC).
Mid-exponential phase cultures of fluorescent strains and
wild type MTB H37Rv were used for preparing infection dose.
Approximately 25 mg wet weight of bacteria were re-sus-
pended in 2 ml normal saline containing 0.05% Tween 80 in
screw-capped test tubes containing 3 mm glass beads. The
suspension was vortexed for 2 min and allowed to stand for
20 min. The supernatant was collected in a fresh tube and
checked for dispersed single bacilli by staining for acid fast
bacilli. The supernatant was matched to turbidity of McFar-
land No. 1 standard and then further diluted 10-times and
used to infect mice. Swiss mice 18–20 g were infected through
lateral tail vein at a dose of 0.2 ml/mouse (6 mice/strain). 3
mice from each group were euthanized on week 2 and week
6 to harvest organs. Lungs and spleen weights were recorded
and further homogenised in PBS+ 0.05% Tween 80 (PBST) for
estimation of CFU counts, fluorescence microscopy and quan-
titative fluorescence. For viable counts, organ homogenates
were serially diluted in PBST and appropriate dilutions were
plated onto Lowenstein Jensen (LJ) slopes. The LJ slopes were
incubated for 3–4 weeks before estimating the CFUs. For fluo-
rescence measurements in homogenates, samples of homog-
enates were treated with erythrocyte lysis buffer (155 mM
NH4Cl, 10 mM NaHCO3, 0.1 mM EDTA, pH 7.2) for 30 min, fol-
lowed by centrifugation at 9300g for 10 min. The pellet was
washed twice in PBS and re-suspended in PBS.Data analysis
Statistical analyses of data were carried out using GraphPad
Prism version 5. One-way/Two-way ANOVA with Bonferroni
post tests was used to determine significance of observed
differences.Results
Confirmation of promoter activities in upstream sequences
In order to obtain the promoter for ndh gene of MTB, approx-
imately 400 bp sequence upstream of translation start site of
ndh gene in MTB H37Rv genome was selected. In the case ofATP synthase operon, 400 bp upstream sequences of both
Rv1303 (an unknown gene upstream of ATP synthase operon
with 7 bp overlap with the atpB gene) and atpB (the first gene
of the operon) were separately cloned. The widely used con-
stitutive mycobacterial hsp60 promoter (Phsp) was used as a
known promoter to obtain RFP expression. The 375 bp up-
stream sequence plus first 6 codons of groEL2 gene in H37Rv
genome was used as Phsp. The PCR amplified fragments
(hereafter designated as Pndh, P1303, PatpB and Phsp) were
cloned upstream of the RFP gene in the promoter less vectors
pMV206 and 306. RFP expression from pMV206 constructs was
visible as red colored mycobacterial colonies on kanamycin
containing plates and red fluorescing bacilli under epifluores-
cence microscope. In the case of constructs in the integrative
vector pMV306, even though RFP was expressed as shown by
Western blot hybridization with anti-RFP antibody (data not
shown), levels were probably too low to produce the red col-
ony phenotype/red fluorescence. Results were similar for
MTB H37Rv and M. smegmatis mc2155. RFP was expressed
from Pndh, P1303 and Phsp, but not from PatpB in both vectors.
The observation suggested that the promoter for ATP syn-
thase operon probably located upstream of Rv1303. This was
further confirmed using the TB Database-Operon Browser
(http://genome.tbdb.org/annotation/genome/tbdb/Operon-
Browser.html) which showed that Rv1303 co-transcribes with
Rv1304 to Rv1312, the genes encoding the different subunits
of ATP synthase. For easy reference, P1303 will be hereafter re-
ferred to as Patps. The constructs in pMV 206 vector were used
for further studies.
In vitro growth kinetics
Since the expression levels of RFP could add to the metabolic
burden of the bacterium and could vary with the promoter
driving the expression and hence the growth phase, in vitro
growth kinetics of the fluorescent strains (FS) were compared
with that of WT type. The fast-growing and non-pathogenic
species M. smegmatis mc2155 was used as a surrogate for this
experiment since both ndh and ATP synthase are essential
components of the electron transport system. Moreover,
sequence similarity searches were also performed for the Pndh
and Patps of H37Rv with M. smegmatis mc
2155 genome and
found 100% maximum identity in 80–87% query cover regions
for both sequences.
Aerobic growth in nutrient-rich medium
The viable counts obtained for WT and FS at various time
points covering different phases of growth are summarised
in Fig. 1A and B. The growth rate of FS-Phsp was similar to that
of WT throughout the observation period of 72 h (late station-
ary phase). The growth rates of both FS-Pndh and FS-Patps were
similar to each other, but slightly lower than those for the WT
and FS-Phsp60 between 8 and 24 h (exponential phase), even
though the difference was not statistically significant
(p > 0.05). Therefore, relative to Phsp, RFP expression from Pndh
and Patps seems to slightly increase the metabolic burden of
the bacilli during active replication in vitro. The observation
suggests that Pndh and Patps, being respiration-sensitive, are
more active than Phsp during the active phase of mycobacte-
rial growth.
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Fig. 1 – Growth kinetics of wild type (WT) and fluorescent strains (FS) of M. smegmatis mc2155. Panels A & B show aerobic
growth of WT and FS in LB-GT broth: viable counts at different time points (A) and fold increase in viable counts for during
different time periods. Panel C shows viable counts during mild and complete hypoxia in LB-GT broth in sealed vials with
head space ratio of 0.5. Panel D shows viable counts at different time points under aerobic nutrient starvation conditions. The
data plotted are the mean ± SD of values obtained for three independent experiments.
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MTB is believed to encounter hostile microenvironments like
hypoxia and/or nutrient starvation inside human lesions. The
Wayne model is the established model for studying in vitro
dormant MTB under self-generated oxygen depletion [21]. In
the Wayne model, M. smegmatis has been demonstrated to ex-
hibit a physiological behavior strikingly similar to that of
MTB [29,30]. The growth and viability of FS and wild type
M. smegmatis were compared in sealed vials of LB-GT medium
at head space ratio 0.5. With a mean initial viable count of
6.85 log10 ± 0.06, mild hypoxia (fading of methylene blue)
was generated by all strains after 3 days, which progressed
to complete hypoxia (decolorization of methylene blue) by
day 6. There was no significant difference in growth and via-
bility of FS compared with each other or the wild type up to
5 days under complete hypoxia (Fig. 1C).
In the Loebel model or the nutrient starvation model, MTB
is transferred from a nutrient-rich medium to a phosphate
buffered saline and cultured aerobically [19,31]. M. smegmatis
has been shown to survive without net loss in viability for
long periods under carbon, nitrogen or phosphorous depleted
media [32]. The viability and growth of the fluorescent and
wild type strains of M. smegmatis were compared in the Loebel
model for a period of one week. As can be seen in Fig. 1D, via-
ble counts of each strain in PBS remained nearly the same
throughout the observation period of one week.
To summarise, the viability of fluorescent strains in the
two in vitro dormancy models were not significantly differentfrom each other or the wild type. The data also indicates that
the slight metabolic stress on actively dividing bacilli due to
Pndh and Patps are absent in dormant bacilli, as the viability
of the latter was not affected.
Promoter activities during different phases of in vitro growth
Next the activities of Pndh and Patps were compared with that
of Phsp during different in vitro growth conditions involving
actively replicating and non-replicating fluorescent strains
of M. smegmatis by quantifying relative fluorescence units
(RFU) for the RFP. For bacilli replicating in LB-GT medium up
to 8 h (early log phase), there were no significant differences
in RFU between the three strains. However, at 24, 48 and
72 h (late log, stationary and late stationary phase, respec-
tively), fluorescence due to Phsp was significantly lower
(p < 0.05) compared with that due to Pndh or Patps (Fig. 2A).
There was no significant difference between FS-Pndh and FS-
Patps. The decreased fluorescence with FS-Phsp was despite
slightly higher or comparable CFUs compared with the other
two strains (Fig. 1A and B). Loss of plasmid by the strain
was ruled out as the strain was found to maintain the plasmid
even in the absence of selection (data discussed separately).
Thus during active replication, both Pndh and Patps are highly
active and this may explain the slight metabolic burden upon
the bacilli resulting in slower growth of corresponding FS ob-
served during the exponential phase compared with WT and
FS-Phsp.
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It is known from micro array studies that the genes encoding
various subunits of ATP synthase are down regulated in hyp-
oxic bacilli [27]. Later studies confirmed that intracellular ATP
levels in MTB in the Wayne model are reduced 5-fold com-
pared with that of actively dividing bacilli, and that ATP syn-
thase and ndh2 (not ndh1) are essential for viability of MTB
under hypoxia [25,33]. In order to determine the utility of Pndh
and Patps in tracking reporter strains during hypoxic condi-
tions, RFUs were measured for each FS on mild hypoxia (indi-
cated by fading of methylene blue), day 1 (completely
decolorization of methylene blue), 3 and 5 of hypoxia. At all
time points, RFUs for both FS-Pndh and FS-Patps were signifi-
cantly higher than that for FS-Phsp (p < 0.01), despite having
similar cell densities (Fig. 2B). Both the CFUs and RFUs stabi-
lized by day 3 into hypoxia for all strains.
Promoter activities during in vitro nutrient starvation
ATP synthase genes were shown to be down regulated in MTB
in the nutrient starvation model [19,27], as reflected in the
5-fold drop in intracellular ATP levels [34]. Precise data on tran-
scriptional changes in the ndh gene in the nutrient starvation
model are unavailable. The different FS at mid-log phase in
nutrient-rich medium were harvested and transferred to PBS
after removing all traces of nutrients. At the time of harvest,
as has been observed in earlier experiments, FS-Phsp showed
significantly lower fluorescence compared with FS-Pndh and
FS-Patps despite comparable viable counts (p < 0.01). This differ-
ence was maintained at 3 and 7 days of nutrient starvation
(Fig. 2C). However, unlike in the hypoxic model, RFUs for all
three strains under nutrient starvation increased with time
while CFUs remained unchanged (Figs. 2C and 1D, respec-
tively). The promoter-independent increase in fluorescence de-
spite constant CFUs may probably be due to gradual alterations
in bacterial morphology that occur during nutrient starvation,
but not during nutrient-rich hypoxic conditions. Predomi-
nantly ovoid forms of M. smegmatis were observed on ZN
stained smears (Fig. 3A and B), similar to shapes reported dur-
ing nitrogen starvation [35]. Under a fluorescence microscope,
the starved bacilli were relatively more fluorescent than thebacilli in the nutrient-rich medium (Fig. 3C and D). Thus the
data suggests that both Pndh and Patps could reliably be used
to track nutrient-starved mycobacteria.
Plasmid stability in the absence of selection
The FS-Phsp strain of M. smegmatis, the one with the least sta-
ble expression of RFP was tested for plasmid stability during
growth/survival under hypoxic stress in the absence of selec-
tive pressure. The strain was sub-cultured in broth medium
without kanamycin for approximately 15 generations (consid-
ering an average doubling time of 5 h). In another experiment,
the strain was incubated under nutrient-rich but hypoxic
conditions for 6 days. Viable counts in samples from both
experiments were estimated in the presence and absence of
kanamycin to determine the plasmid-retaining population
and total population, respectively. Results showed similar
numbers of both populations (supplementary figure), suggest-
ing that the plasmid was maintained in the absence of
selective pressure.
Fluorescent strains of MTB in macrophages
Differential expression of the reporter may differently affect the
strain’s ability to infect and survive/replicate inside host macro-
phages. Fluorescent strains of MTB H37Rv carrying the various
promoter-RFP constructs were compared with the WT strain
for infection and growth in the J774 macrophage cell line. At
an approximate MOI of 5–8, after 4 h of infection, 8.5% of the
WT bacilli in the infection medium were found to be intracellu-
lar. The fluorescent strains were not significantly different from
the WTwith respect to infectivity; as suggested by infectivities
9.8%, 7.1% and 7.6% of FS-Pndh, FS-Patps and FS-Phsp, respectively.
Survival and replication of up to 5 days of observation too were
unaffected as compared with WT (Fig. 4A). Activities of the three
promoters were compared by RFUs obtained for infected
macrophage lysates at different time points post-infection.
Intracellular RFUs increased with time, and on the fifth day
was the highest for FS-Pndh, though not statistically significant
relative to the other two strains (Fig. 4B). Microarray data studies
have shown induction and repression of ndh and ATP synthase
operon respectively in intraphagosomal MTB [27].
A B
C D
Fig. 3 – Morphologies of M. smegmatis mc2155 under nutrient-rich and starvation conditions. (A and B) show light microscopic
images (1000·) of Ziehl-Neelsen stained smears of FS-Pndh which was sampled at stationary phase LB-GT culture and after
one week starvation respectively. (C and D) show fluorescence microscopic images (400·) of the same.
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Fig. 4 – Growth of wild type (WT) and fluorescent strains (FS)
of M. tuberculosis H37Rv inside J774 macrophage cell line.
J774 macrophages were infected at a MOI 5–8 for 4 h. Panel A
shows infection and replication kinetics; panel B shows net
fluorescence emitted by FS inside macrophages at different
time points after infection. The data plotted are the
mean ± SD of values obtained for three independent
experiments.
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The conventional CFU assays used for determining the CFU
loads in lungs and the spleens of infected mice post-treat-
ment with test compounds are time-consuming end point as-
says. Recently, with the advent of non-invasive optical
imaging technology, far red RFP and luciferase reporters have
been demonstrated for potential rapid screening of molecules
for in vivo efficacy in mouse models [14,36]. The use of a pro-
moter that drives the expression of a reporter gene in both ac-
tively multiplying and dormant bacterial populations is
expected to better reflect the bacterial load following treat-
ment. As a first step, the fitness of the FS was compared with
that of the WT H37Rv in the mouse model. The control plas-
mid without the RFP was not introduced into the WT strain,
as the purpose was to determine if the metabolic burden
due to the RFP could adversely affect the strain’s ability to
cause natural pathogenesis. The outbred, immunocompetent
Swiss mice were used as they are commonly used for in vivo
efficacy testing of lead anti-tubercular molecules [37] and
are also used in-house. The mice were given a high dose
(1.5 · 106 bacilli/mouse) intravenous infection of wild type/
FS of MTB H37Rv. Strain fitness was determined on the basis
of CFU counts in lungs and spleen at 2 time points post infec-
tion: 2 weeks (acute phase) and 6 weeks (chronic phase). The
results are summarised in Fig. 5A and B. At 2 weeks post-
infection, the lung bacterial loads in FS-Pndh, FS-Patps and
FS-Phsp infected mice were 114-fold, 109-fold and 68-fold low-
er, respectively, than that in WT-infected mice (p < 0.001).
However, bacterial loads in the spleens for FS and WT did
not differ significantly (p > 0.05). The bacterial loads of all FS
WT ndh
FS
-P a
tps
FS
-P h
sp
FS
-P W
T
nd
h
FS
-P a
tps
FS
-P h
sp
FS
-P
0
2
4
6
8
10 2 wks p.i 6 wks p.i
C
FU
 in
 lu
ng
s 
(lo
g
10
)
WT ndh
FS
-P a
tps
FS
-P h
sp
FS
-P W
T
nd
h
FS
-P a
tps
FS
-P h
sp
FS
-P
4
5
6
7
8 2 wks p.i 6 wks p.i
C
FU
 in
 s
pl
ee
n 
(lo
g
10
)
400
600
800
1000
1200
1400
1600
2000
3000
WT FS-Pndh FS-Pndh FS-PatpsFS-Patps FS-PhspFS-Phsp WT
lungs spleen
R
FU
 in
 o
rg
an
 h
om
og
en
at
e
***
* **
A B
C
Fig. 5 – Growth of wild type (WT) and fluorescent strains (FS) ofM. tuberculosisH37Rv in lungs and spleen of immunocompetent
(Swiss) mice intravenously given high dose infection. Viable counts in lungs (A) and spleen (B) at 2 weeks and 6 weeks
post-infection are shown. Individual data for each mouse/group are shown. Statistical significance of data are indicated as
*(p < 0.05), **(p < 0.01) and ***(p < 0.001). Panel C shows fluorescence measured at 6 weeks post-infection in organ homogenates
after removing erythrocytes and hemoglobin. WT is included to show auto fluorescence.
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fold and 9-fold for FS-Pndh, FS-Patps and FS-Phsp, respectively,
while WT counts were 1.7-fold higher in lungs than in the
spleen. Thus, during the acute phase of infection, all FS were
attenuated for replication in the lungs, but not in the spleen,
and the attenuation was more prominent for FS-Pndh and FS-
Patps. Higher activities of Pndh and Patps in the lung-residing
bacteria may indicate a highly active aerobic respiratory chain
and the resulting high levels of RFP may increase the meta-
bolic burden eventually affecting strain fitness in the lungs.
This is also evident from the ratio of red: non-red colonies ob-
tained on LJ slopes for different strains. The Phsp activityWT FS-Phsp60
Fig. 6 – Colony colors of wild type (WT) and fluorescent strains
Colonies grew out of diluted lung homogenates of infected micseemed low as suggested by the presence of nearly 50%
non-red colonies, while Pndh and Patps activities were stronger
as suggested by the presence of <5% non-red colonies (Fig. 6).
At 6 weeks post-infection (chronic phase in mice), the dif-
ference between WT and FS became less prominent com-
pared with that in the second week. The average lung CFUs
for FS-Pndh, FS-Patps and FS-Phsp were 12-fold (p < 0.05), 7-fold
(not statistically significant), and 25-fold (p < 0.01) less,
respectively, compared with those of WT. CFUs in the spleen
were decreased for WT and FS at 6 weeks compared with
those at 2 weeks. The average spleen CFUs of individual FS
were similar to that of WT. The improved fitness during theFS-Pndh FS-Patps
(FS) of M. tuberculosis H37Rv isolated from mouse lungs.
e at two weeks post-infection.
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ably slowed down by adaptive immunity could be due to low-
ered activities of Pndh and Patps, similar to what happens
during stationary and dormant phases in vitro. Transcription
profiling of genes in MTB energy metabolism during mouse
infection had shown that as infection converts from acute
to chronic phase, the transcription of ATP synthase genes
are down-regulated approximately 7.5-fold and maintained
low thereafter, whereas, ndh gene is only slightly (2- to 2.5-
fold) down-regulated [38]. To summarise, an attenuation of
FS in the lungs was observed, but not the spleen, during the
acute phase of infection, and the attenuation was prominent
in FS expressing RFP from respiration-sensitive promoters.
However, the strain fitness improved in the chronic phase of
infection, which indicates that the ability of the H37Rv strain
to persist in mice is not affected by the expression of RFP from
these promoters.RFP fluorescence in organ homogenates
The RFP reporter when expressed under the control of Pndh
(>99% colonies are red) in M. smegmatis in broth cultures
was found to detect as low as 6.5 x 105 bacilli/ml. At six
weeks post-infection, RFUs were measured in lung and
spleen homogenates from FS-infected mice against WT
infected mice as a control. The autofluorescence in WT
infected lung and spleen homogenates were too high, often
higher than the RFP containing homogenates. The RFP repor-
ter used in this study (TurboFP602) has excitation/emission
maxima at 574/602 nm [39], while hemoglobin and oxyhe-
moglobin absorb light at wavelengths between 500 and
600 nm [40] and can interfere with fluorescence imaging
using RFPs having excitation wavelengths in this region.
Therefore, the measurements were repeated after lysing
RBCs and removing hemoglobin containing supernatant,
and this extra step considerably reduced the autofluores-
cence. All three mice infected with FS-Pndh showed RFUs
detectable above autofluorescence in both lung and spleen
homogenates (Fig. 5C). RFP specific fluorescence could be
detected even in spleen homogenates with bacterial loads
as low as 4.4 log10. Two out of three mice in FS-Patps- and
FS-Phsp-infected groups showed measurable fluorescence
above background. This was despite higher bacterial counts
in FS-Patps-infected mice compared with FS-Pndh-infected
ones. This could be due to a higher percentage of non-fluo-
rescent population as suggested by 12 ± 11% and 55 ± 12%
non-red colonies obtained from FS-Patps- and FS-Phsp-
infected mice respectively. Thus, overall data suggest that
Pndh is a better promoter for tracking the reporter strain of
MTB in mice at time points late in the chronic phase of
infection. In addition, the constant activity of this promoter
in MTB reinforces the belief that ndh-2 is indispensable for
its survival irrespective of the respiration status [23–25].Discussion
When estimating MTB loads in animal models using reporter
strain-based imaging of whole animal/excised organs/organ
homogenates, it is important to track actively multiplying aswell as dormant forms of the bacilli. Both ndh and ATP syn-
thase are essential complexes in the respiratory chain of
MTB and probably other mycobacteria. ATP synthase, though
down-regulated during dormancy, is maintained at low levels
since de novo ATP synthesis is crucial for the viability of dor-
mant bacteria [25]. Ndh is not only implicated in aerobic res-
piration of mycobacteria [22], but is also required to maintain
intracellular NAD+ pools in the bacterium and becomes more
essential when bacteria enter a less energy efficient respira-
tory pathway [25,27]. Hence, the use of the ndh promoter or
ATP synthase operon promoter in reporter constructs for
mycobacteria would ensure that the reporter is expressed as
long as the bacteria is viable irrespective of its metabolic
activity.
The results presented here demonstrate that both the pro-
moters from MTB H37Rv drive the expression of reporter FP
by mycobacteria during in vitro growth, hypoxia/starvation-
induced in vitro dormancy, inside macrophages and in acute
and chronic stages of murine infection. Pndh and Patps being
promoters of essential genes in respiration are not only active
during active replication, but also after growth slows down
in vitro. On the other hand, FP expression under the hsp60 pro-
moter was significantly lower under all conditions tested.
Unstable expression from Phsp has been reported earlier and
is attributed to deletions happening in the plasmid affecting
the promoter [41]. Heuts et al. used luciferase expression from
Phsp in BCG and observed a decreased bioluminescence dur-
ing stationary phase culture and declining bioluminescence
in infected mice with time despite the stable maintenance
of plasmid by the bacteria [36]. Carroll et al. reported that Phsp
gave a less stable expression of RFPs in M. smegmatis, even
though they did not report a growth phase dependent stabil-
ity of Phsp-mediated expression [13]. The rpsA promoter from
M. smegmatis with TetO operator (Psmyc) successfully ex-
pressed far red FPs in M. smegmatis and MTB growing in vitro
under both aerobic and hypoxic nutrient-rich media [13].
Activity of Psmyc under nutrient starvation conditions (strin-
gent response) has not been reported. In the present study,
Pndh and Patps of MTB were found to produce a stronger
expression of RFP than by Phsp in starved M. smegmatis.
In immunocompetent Swiss mice, during acute infection,
all fluorescent strains of MTB showed reduced fitness in the
lungs, but were unaffected in the spleen. The attenuation in
the lungs was higher for Pndh and Patps driven reporter strains
than for Phsp strains, probably due to higher activities of the
former two in the lung tissue where bacteria respire in the
presence of high tissue oxygen levels. This observation also
indicates the respiration-sensitive nature of the two promot-
ers. A higher promoter activity in the presence of abundant
oxygen leads to a higher expression of foreign protein which
in turn leads to attenuated growth. Attempts to reduce the
metabolic burden due to RFP by expressing it from a single
copy of the gene integrated into the genome did not work
as fluorescence could not be detected. Zelmer et al. [14] used
the promoter Psmyc for expressing far red FPs in MTB for live
imaging of infected mice and for imaging of organs ex vivo.
In that study, bacterial fitness was not affected in the lungs
or the spleen. They used the immunocompromised SCID mice
unlike the immunocompetent outbred Swiss mice used in
this study. Attenuation was observed even with FS-Phsp (with
34 I n t e r n a t i o n a l J o u r n a l o f M y c o b a c t e r i o l o g y 3 ( 2 0 1 4 ) 2 5 –3 5observed unstable expression) though to a lesser extent com-
pared with FS-Pndh and FS-Patps. This could mean that an
already metabolically burdened strain is further stressed by
the host defence mechanisms.
However, during the chronic phase of infection, fitness of
the strains in lungs improved as reflected in the lung viable
counts. Thus, the attenuation was dependent on the site of
multiplication as well as the phase of infection. Moreover,
the results indicate that the metabolic burden due to reporter
expression from Pndh or Patps did not affect the strain’s ability
to persist in the host. This property is important with respect
to testing the efficacy of a novel anti-TB molecule against per-
sistent bacilli.
RFP fluorescence was detectable above noise in organ
homogenates at 6 weeks post-infection. All mice infected
with FS-Pndh and two thirds of mice in FS-Patps showed RFUs
above autofluorescence in organ homogenates. At both active
and chronic phases of infection, the FS-Phsp-infected mice
showed 50% non-fluorescing MTB population. FS-Pndh
showed <5% non-fluorescing population during both active
and chronic infection phases, while the corresponding figures
for FS-Patps were <5% and 12%.
Conclusion
It is concluded that coupling a sensitive reporter to the ndh
promoter of MTB H37Rv may reliably track the bacilli
in vitro, ex vivo and in vivo irrespective of its metabolic status.
Use of a far red FP or luciferase reporter can potentially
extend the application to non-invasive live imaging of even
immunocompetent mice, the mice of choice for in vivo
efficacy testing of anti-tubercular compounds.
Conflict of interest
None declared.
Acknowledgements
This study was funded by EMPOWER scheme of CSIR, India.
S.C.V and S.R.K thank CSIR and DBT, India, respectively, for
financial assistance. This is CDRI communication number
8601.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ijmyco.
2013. 12.002.R E F E R E N C E S[1] WHO, Global Tuberculosis Report 2012, WHO, 2012.
[2] E.H. Runyon, A.G. Karlson, G.P. Kubica, L.G. Wayne,
Mycobacterium, in: E.W. Lennette, E.H. Spaulding, J.P. Truant
(Eds.), Manual of Clinical Microbiology, American Society for
Microbiology, 1974, pp. 148–174.[3] W.R. Jacobs, R.G. Barletta, R. Udani, J. Chan, G. Kalkut, G.
Sosne, et al, Rapid assessment of drug susceptibilities of
Mycobacterium tuberculosis by means of luciferase reporter
phages, Science 260 (1993) 819–822.
[4] R.C. Cooksey, J.T. Crawford, W.R. Jacobs, T.M. Shinnick, A
rapid method for screening antimicrobial agents for activities
against a strain of Mycobacterium tuberculosis expressing
firefly luciferase, Antimicrob. Agents Chemother. 37 (1993)
1348–1352.
[5] N. Andreu, A. Zelmer, S.L. Sampson, M. Ikeh, G.J. Bancroft,
U.E. Schaible, et al, Rapid in vivo assessment of drug efficacy
against Mycobacterium tuberculosis using an improved firefly
luciferase, J. Antimicrob. Chemother. 68 (2013) 2118–2127.
[6] S. Dhandayuthapani, L.E. Via, C.A. Thomas, P.M. Horowitz, D.
Deretic, V. Deretic, Green fluorescent protein as a marker for
gene expression and cell biology of mycobacterial
interactions with macrophages, Mol. Microbiol. 17 (1995) 901–
912.
[7] L.P. Barker, D.M. Brooks, P.L. Small, The identification of
Mycobacterium marinum genes differentially expressed in
macrophage phagosomes using promoter fusions to green
fluorescent protein, Mol. Microbiol. 29 (1998) 1167–1177.
[8] S.C. Cowley, Y. Av-Gay, Monitoring promoter activity and
protein localization in Mycobacterium spp. using green
fluorescent protein, Gene 264 (2001) 225–231.
[9] S. Roy, P. Ajitkumar, Transcriptional analysis of the principal
cell division gene, ftsZ, of Mycobacterium tuberculosis, J.
Bacteriol. 187 (2005) 2540–2550.
[10] V. Srivastava, C. Rouanet, R. Srivastava, B. Ramalingam, C.
Locht, B.S. Srivastava, Macrophage-specific Mycobacterium
tuberculosis genes: identification by green fluorescent protein
and kanamycin resistance selection, Microbiology 153 (2007)
659–666.
[11] D.M. Shcherbakova, O.M. Subach, V.V. Verkhusha, Red
fluorescent proteins: advanced imaging applications and
future design, Angew. Chem. Int. Ed. Engl. 51 (2012) 10724–
10738.
[12] Y. Kong, S. Subbian, S.L. Cirillo, J.D. Cirillo, Application of
optical imaging to study of extrapulmonary spread by
tuberculosis, Tuberculosis (Edinb). 89 (2009) S15–S17.
[13] P. Carroll, L.J. Schreuder, J. Muwanguzi-Karugaba, S. Wiles,
B.D. Robertson, J. Ripoll, et al, Sensitive detection of gene
expression in Mycobacteria under replicating and non-
replicating conditions using optimized far-red reporters, PLoS
One 5 (2010) e9823.
[14] A. Zelmer, P. Carroll, N. Andreu, K. Hagens, J. Mahlo, N.
Redinger, et al, A new in vivo model to test anti-tuberculosis
drugs using fluorescence imaging, J. Antimicrob. Chemother.
67 (2012) 1948–1960.
[15] J.E. Gomez, J.D. McKinney, M. Tuberculosis persistence, latency,
and drug tolerance, Tuberculosis (Edinb). 84 (2004) 29–44.
[16] J.D. McKinney, J.E. Gomez, Life on the inside for Mycobacterium
tuberculosis, Nat. Med. 9 (2003) 1356–1357.
[17] M.I. Voskuil, D. Schnappinger, K.C. Visconti, M.I. Harrell, G.M.
Dolganov, D.R. Sherman, et al, Inhibition of respiration by
nitric oxide induces a Mycobacterium tuberculosis dormancy
program, J. Exp. Med. 198 (2003) 705–713.
[18] H.D. Park, K.M. Guinn, M.I. Harrell, R. Liao, M.I. Voskuil, M.
Tompa, et al, Rv3133c/dosR is a transcription factor that
mediates the hypoxic response of Mycobacterium tuberculosis,
Mol. Microbiol. 48 (2003) 833–843.
[19] J.C. Betts, P.T. Lukey, L.C. Robb, R.A. McAdam, K. Duncan,
Evaluation of a nutrient starvation model of Mycobacterium
tuberculosis persistence by gene and protein expression
profiling, Mol. Microbiol. 43 (2002) 717–731.
[20] O. Neyrolles, R. Herna´ndez-Pando, F. Pietri-Rouxel, P. Forne`s, L.
Tailleux, J.A. Barrios Paya´n, et al, Is adipose tissue a place for
Mycobacterium tuberculosis persistence?, PLoS One 1 (2006) e43
I n t e r n a t i o n a l J o u r n a l o f M y c o b a c t e r i o l o g y 3 ( 2 0 1 4 ) 2 5 –3 5 35[21] L.G. Wayne, L.G. Hayes, An in vitro model for sequential study
of shiftdown of Mycobacterium tuberculosis through two stages
of non-replicating persistence, Infect. Immun. 64 (1996) 2062–
2069.
[22] E.A. Weinstein, T. Yano, L.S. Li, D. Avarbock, A. Avarbock, D.
Helm, et al, Inhibitors of type II NADH: menaquinone
oxidoreductase represent a class of antitubercular drugs,
Proc. Natl. Acad. Sci. USA 102 (2005) 4548–4553.
[23] R.A. McAdam, S. Quan, D.A. Smith, S. Bardarov, J.C. Betts, F.C.
Cook, et al, Characterization of a Mycobacterium tuberculosis
H37Rv transposon library reveals insertions in 351 ORFs
and mutants with altered virulence, Microbiology 148 (2002)
2975–2986.
[24] L. Miesel, T.R. Weisbrod, J.A. Marcinkeviciene, R. Bittman,
W.R. Jacobs, NADH dehydrogenase defects confer isoniazid
resistance and conditional lethality in Mycobacterium
smegmatis, J. Bacteriol. 180 (1998) 2459–2467.
[25] S.P. Rao, S. Alonso, L. Rand, T. Dick, K. Pethe, The
protonmotive force is required for maintaining ATP
homeostasis and viability of hypoxic, nonreplicating
Mycobacterium tuberculosis, Proc. Natl. Acad. Sci. USA 105
(2008) 11945–11950.
[26] K. Andries, P. Verhasselt, J. Guillemont, H.W. Go¨hlmann, J.M.
Neefs, H. Winkler, et al, A diarylquinoline drug active on the
ATP synthase of Mycobacterium tuberculosi 0, Science 307 (2005)
223–227.
[27] D. Schnappinger, S. Ehrt, M.I. Voskuil, Y. Liu, J.A. Mangan, I.M.
Monahan, et al, Transcriptional adaptation of Mycobacterium
tuberculosis within macrophages: insights into the
phagosomal environment, J. Exp. Med. 198 (2003) 693–704.
[28] R. Goude, T. Parish, Electroporation of Mycobacteria, in: T.
Parish, A.C. Brown (Eds.), Mycobacteria Protocols, Humana
Press, New York, 2008, pp. 203–216.
[29] T. Dick, B.H. Lee, B. Murugasu-Oei, Oxygen depletion induced
dormancy in Mycobacterium smegmatis, FEMS Microbiol. Lett.
163 (1998) 159–164.
[30] Mayuri, G. Bagchi, T.K. Das, J.S. Tyagi, Molecular analysis of
the dormancy response in Mycobacterium smegmatis:
expression analysis of genes encoding the DevR–DevS two-
component system, Rv3134c and chaperone alpha-crystallin
homologues, FEMS Microbiol. Lett. 211 (2002) 231–237.
[31] R.O. Loebel, E. Shorr, H.B. Richardson, The influence of
foodstuffs upon the respiratory metabolism and growth of
human Tubercle Bacilli, J. Bacteriol. 26 (1933) 139–166.[32] M.J. Smeulders, J. Keer, R.A. Speight, H.D. Williams,
Adaptation of Mycobacterium smegmatis to stationary phase, J.
Bacteriol. 181 (1999) 270–283.
[33] A. Koul, L. Vranckx, N. Dendouga, W. Balemans, I. Van den
Wyngaert, K. Vergauwen, et al, Diarylquinolines are
bactericidal for dormant mycobacteria as a result of
disturbed ATP homeostasis, J. Biol. Chem. 283 (2008) 25273–
25280.
[34] M. Gengenbacher, S.P. Rao, K. Pethe, T. Dick, Nutrient-starved,
non-replicating Mycobacterium tuberculosis requires
respiration ATP synthase and isocitrate lyase for
maintenance of ATP homeostasis and viability, Microbiology
156 (2010) 81–87.
[35] A.M. Anuchin, A.L. Mulyukin, N.E. Suzina, V.I. Duda,
G.I. El-Registan, A.S. Kaprelyants, Dormant forms of
Mycobacterium smegmatis with distinct morphology,
Microbiology 155 (2009) 1071–1079.
[36] F. Heuts, B. Carow, H. Wigzell, M.E. Rottenberg, Use of non-
invasive bioluminescent imaging to assess mycobacterial
dissemination in mice, treatment with bactericidal drugs and
protective immunity, Microbes Infect. 11 (2009) 1114–1121.
[37] M.A. De Groote, J.C. Gilliland, C.L. Wells, E.J. Brooks, L.K.
Woolhiser, V. Gruppo, et al, Comparative studies evaluating
mouse models used for efficacy testing of experimental drugs
against Mycobacterium tuberculosis, Antimicrob. Agents
Chemother. 55 (2011) 1237–1247.
[38] L. Shi, C.D. Sohaskey, B.D. Kana, S. Dawes, R.J. North, V.
Mizrahi, et al, Changes in energy metabolism of
Mycobacterium tuberculosis in mouse lung and under in vitro
conditions affecting aerobic respiration, Proc. Natl. Acad. Sci.
USA 102 (2005) 15629–15634.
[39] E.M. Merzlyak, J. Goedhart, D. Shcherbo, M.E. Bulina,
A.S. Shcheglov, A.F. Fradkov, et al, Bright monomeric red
fluorescent protein with an extended fluorescence lifetime,
Nat. Methods 4 (2007) 555–557.
[40] B.L. Horecker, The absorption spectra of hemoglobin and its
derivatives in the visible and near infra-red regions, J. Biol.
Chem. 148 (1943) 173–183.
[41] M. Al-Zarouni, J.W. Dale, Expression of foreign genes in
Mycobacterium bovis BCG strains using different promoters
reveals instability of the hsp60 promoter for expression of
foreign genes in Mycobacterium bovis BCG strains,
Tuberculosis (Edinb). 82 (2002) 283–291.
